1. Introduction {#sec1-ijms-19-02751}
===============

L-Carnosine (ß-alanyl-L-histidine) and L-anserine (ß-alanyl-Np-methyl-L-histidine) belong to the group of histidine-containing dipeptides (HDPs). HDPs are present in humans, mammals, fish and amphibia and their ratio and concentrations vary greatly among different species and organs. In mammals and humans, carnosine is the most prominent dipeptide, with highest concentrations in the muscle, together with either anserine or ophidine at different ratios \[[@B1-ijms-19-02751]\]. Carnosine is synthesized by carnosine synthase (EC 6.3.2.11) and anserine by methylation of carnosine via carnosine N-methyltransferase (EC 2.1.1.22) \[[@B2-ijms-19-02751]\]. In addition to muscle tissue, carnosine is mainly present in the brain and kidney of mice and humans \[[@B1-ijms-19-02751]\]. Carnosine and anserine can be degraded by carnosinase 1 (CN1, EC 3.4.13.20) and at high pH by carnosinase 2 (CN2, EC 3.4.13.18) \[[@B3-ijms-19-02751]\]. Serum CN1 has a higher activity for carnosine compared to anserine which inhibits carnosine degradation by substrate inhibition \[[@B4-ijms-19-02751]\]. In patients with type 2 diabetes mellitus (DM), especially in females, we \[[@B5-ijms-19-02751],[@B6-ijms-19-02751],[@B7-ijms-19-02751]\] and others \[[@B8-ijms-19-02751],[@B9-ijms-19-02751],[@B10-ijms-19-02751]\] demonstrated an association of the susceptibility to develop diabetic nephropathy (DN), with a variant in the carnosinase 1 gene (CNDP1), associated with lower carnosinase 1 (CN1) activity \[[@B11-ijms-19-02751]\].

Carnosine inhibits glycation \[[@B12-ijms-19-02751]\], acts as an ACE inhibitor \[[@B13-ijms-19-02751],[@B14-ijms-19-02751]\], reduces oxidative damage and improves enzymatic and non-enzymatic antioxidant activity \[[@B15-ijms-19-02751],[@B16-ijms-19-02751],[@B17-ijms-19-02751],[@B18-ijms-19-02751]\], while its carbonyl scavenging function is debated \[[@B19-ijms-19-02751],[@B20-ijms-19-02751],[@B21-ijms-19-02751],[@B22-ijms-19-02751],[@B23-ijms-19-02751]\]. In rodents, carnosine supplementation consistently improved diabetic complications, e.g., diabetic nephropathy, retinopathy, neuropathy and wound healing \[[@B1-ijms-19-02751],[@B24-ijms-19-02751],[@B25-ijms-19-02751],[@B26-ijms-19-02751],[@B27-ijms-19-02751],[@B28-ijms-19-02751],[@B29-ijms-19-02751]\]. The L-histidine residue, with its imidazole ring, exerts most of the buffering activity, i.e., metal chelation and antioxidant properties of carnosine. The carbonyl quenching and, in particular, its reactivity toward α,β-unsaturated carbonyls, requires a concerted mechanism involving both the primary amine and the imidazole ring \[[@B30-ijms-19-02751]\]. Whereas carnosine has extensively been studied, little is known about the function of the methylated imidazole ring of anserine. Recent studies reported both dipeptides to prevent methylglyoxal (MG)-induced advanced glycation end product (AGE) and N epsilon-(Carboxyethyl)lysine (CEL) formation. There was a higher quenching activity of carnosine compared to anserine \[[@B30-ijms-19-02751]\], and a lower anti-crosslinking property of anserine, as compared to carnosine \[[@B31-ijms-19-02751]\]. Anti-radical capacity for neuronal cells was shown to be higher for anserine than carnosine \[[@B32-ijms-19-02751]\]. In human kidneys, anserine levels are higher compared to carnosine, suggesting the important role of anserine in the kidney \[[@B33-ijms-19-02751]\]. We investigated in vitro protective actions of anserine on different cellular stress tolerance markers, and the impact of exogenous anserine supplementation in diabetic mice.

2. Results {#sec2-ijms-19-02751}
==========

2.1. Effect of Anserine in Glucose-Stressed Tubular Cells {#sec2dot1-ijms-19-02751}
---------------------------------------------------------

Glucose-stressed tubular cells (25 mM glucose for 24 h, compared to normal glucose concentration of 11 mM) increased cellular protein concentrations of sirtuin-1 (Sirt-1), thioredoxin (Trx), hemeoxygenase-1 (HO-1) and heat shock protein 70 (Hsp70), representing markers for cellular stress tolerance, compared to control and normalized to respective beta-actin concentrations ([Figure 1](#ijms-19-02751-f001){ref-type="fig"}A--D; all *p* \< 0.05). Co-incubation with anserine (0.1 and 1 mM) further increased intracellular HO-1 and Hsp70 protein concentrations by about 30% ([Figure 1](#ijms-19-02751-f001){ref-type="fig"}A,B) but had no effect on Sirt-1 and Trx ([Figure 1](#ijms-19-02751-f001){ref-type="fig"}C,D). Increased protein carbonylation induced by glucose-stress could be dose-dependently reduced by co-incubation with 0.1 and 1 mM anserine ([Figure 2](#ijms-19-02751-f002){ref-type="fig"}).

2.2. Effect of Anserine in H~2~O~2~-Stressed Tubular Cells {#sec2dot2-ijms-19-02751}
----------------------------------------------------------

Co-incubation of tubular cells with 40, 60 and 100 µM H~2~O~2~ and 1mM anserine, dose-dependently increased Hsp70 expression (normalized to β-actin). At 60 µM H~2~O~2~-exposure, anserine doubled Hsp70 mRNA in the tubular cells (1.7 ± 0.1 vs. 0.8 ± 0.05 relative to medium control; *p* \< 0.001). In contrast, co-incubation of tubular cells with H~2~O~2~ and carnosine did not affect Hsp70 expression (0.9 ± 0.06; [Figure 3](#ijms-19-02751-f003){ref-type="fig"}). Since anserine was applied as nitrate salt, the addition of nitrate was tested. The addition of 0.5--1.5 mM nitrate had no effect on Hsp70 expression ([Figure 3](#ijms-19-02751-f003){ref-type="fig"}) and on HO-1 protein concentration (data not shown).

Carnosine and anserine both exert antioxidant capacity in vitro, as determined by a standardized oxygen radical absorbance capacity assay. There is a higher capacity for anserine compared to carnosine at concentrations of 50--1000 µM for anserine and carnosine, which is within the range of (renal) tissue concentrations (*p* \< 0.001, [Figure 4](#ijms-19-02751-f004){ref-type="fig"})

2.3. Treatment of Diabetic Mice with Anserine {#sec2dot3-ijms-19-02751}
---------------------------------------------

Twelve-week-old db/db and control mice (WT) were treated with three intravenous anserine injections every other day and sacrificed at week 14. At time of sacrifice, body weight was significantly higher in db/db versus WT mice (38 ± 5 g vs. 26 ± 1.8 g; *p* \< 0.001). Anserine treatment had no effect on body weight in the db/db mice (39 ± 4 g) versus WT mice (27 ± 1.1 g; *p* = n.s). In the untreated db/db mice, blood glucose (32 ± 2 vs. 8 ± 0.6 mmol/L; *p* \< 0.001), proteinuria (99 ± 36 vs. 2.3 ± 1.4 µg albumin/mg creatinine; *p* \< 0.001) and vascular permeability (289 ± 64 vs. 78 ± 41 µg EB/g dry tissue; *p* \< 0.001) were significantly increased compared to WT mice. Anserine treated db/db mice had significantly reduced blood glucose concentrations (32 ± 2 vs. 27 ± 2 mmol/L; *p* \< 0.05), proteinuria (99 ± 36 vs. 42 ± 12 µg albumin/mg creatinine; *p* \< 0.001) and less vascular Evans blue leakage, i.e., lower vascular permeability than untreated diabetic mice (289 ± 64 to 206 ± 30 µg EB/g dry tissue; *p* \< 0.05; [Figure 5](#ijms-19-02751-f005){ref-type="fig"}). In non-diabetic WT mice, anserine had no effect on blood glucose (8 ± 0.6 vs. 8 ± 0.6 mmol/L; *p* = n.s.) or proteinuria (1.3 ± 0.6 vs. 2.3 ± 1.4 µg albumin/mg creatinine; *p* = n.s) compared to untreated WT mice.

3. Discussion {#sec3-ijms-19-02751}
=============

During recent years, several studies have demonstrated that carnosine supplementation in diabetic mice can improve glucose metabolism \[[@B27-ijms-19-02751],[@B34-ijms-19-02751],[@B35-ijms-19-02751],[@B36-ijms-19-02751],[@B37-ijms-19-02751]\], proteinuria \[[@B23-ijms-19-02751],[@B25-ijms-19-02751],[@B27-ijms-19-02751],[@B35-ijms-19-02751],[@B38-ijms-19-02751],[@B39-ijms-19-02751]\] and vascular permeability \[[@B39-ijms-19-02751]\]. We now show that treatment of diabetic mice with only three doses of anserine (100 mg/kg every other day) improved blood glucose, proteinuria and vascular permeability. Anserine, but not carnosine, activates the intracellular Hsp70-defense system under oxidative and glycative stress.

Anserine and carnosine have both been reported to have quenching and antioxidant activity, but there are distinct differences in their protective properties. While both dipeptides can prevent methylglyoxal (MG)-induced AGE and CEL formation in vitro \[[@B40-ijms-19-02751]\], the MG quenching activity is higher for carnosine compared to anserine \[[@B21-ijms-19-02751],[@B40-ijms-19-02751]\]. The quenching activity of anserine and carnosine for malondialdehyde is in the same range, indicating that the imidazole ring is not involved in the quenching mechanism, as previously suggested \[[@B21-ijms-19-02751]\]. Our comparison now demonstrates higher antioxidative activity for anserine compared to carnosine. Furthermore, our data suggests an important role of anserine, but not of carnosine, in activating the intracellular defense system under oxidative stress, by activating Hsp70 expression. Under glucose-induced stress, anserine also increased HO-1 concentration, a mediator of cyto- and tissue protection against a wide variety of injurious insults \[[@B41-ijms-19-02751]\]. No effect on deacetylation by Sirt-1 or redoxsignalling via Trx was observed. Hsp70, HO-1, Sirt-1 and Trx are all part of the integrated system for cellular stress tolerance \[[@B28-ijms-19-02751]\]. Furthermore, anserine could efficiently reduce protein carbonylation, the most severe modification induced in proteins by reactive oxygen species. Heat shock proteins, such as Hsp70, have multiple protective effects. They mediate a diverse range of cellular functions including: Folding and regulatory processes of cellular repair; interaction with cytoskeletal structures; participation in the transport of proteins through intracellular membranes of organelles; cleavage of protein aggregates \[[@B42-ijms-19-02751],[@B43-ijms-19-02751]\] and the post-inflammation processes \[[@B44-ijms-19-02751]\]. A lack of Hsp60 and Hsp70 induction in response to stress in target organs of diabetic complications has previously been reported. It has been postulated that the inability of the diabetic glomeruli to activate an effective stress response may contribute to particular susceptibility to diabetic injury \[[@B45-ijms-19-02751]\].

Both anserine and carnosine supplementation in rodents have yielded an array of beneficial effects in diabetic mice. A direct comparison of either compound has not yet been performed but we have recently shown that carnosine supplementation in mice results in increased renal anserine concentrations \[[@B39-ijms-19-02751]\]. We now demonstrate that only three doses of anserine in db/db mice substantially improves glucose homeostasis, reduces proteinuria by more than 50% and mitigates vascular leakage. Improved vascular leakage has been previously demonstrated for carnosine after long-term administration. Therefore, our findings suggest a highly potent protective action of anserine against renal long-term sequelae of diabetes. Further studies, however, directly comparing the effects of anserine and carnosine in vivo are mandatory, and studies elucidating whether the beneficial effects of carnosine treatment are, at least, partially caused by the protective effect of anserine. Noteworthy is that the nitrated form of anserine was administered in the mice. Although there is no evidence that nitrate improves proteinuria, future experiments should administer nitrate-free anserine, which has now become available. In our cell culture experiments, a role of nitrate on Hsp70 expression was excluded by the dose-dependent addition of nitrate. In humans, first intervention studies in pre-diabetic patients yielded promising results, although plasma half-life of carnosine is very short in humans. Since CN1 degradation rate is about 200-fold lower for anserine than for carnosine, anserine seems to be a promising therapeutic tool for humans \[[@B4-ijms-19-02751]\].

In conclusion, we provide experimental evidence that anserine has a higher oxygen radical absorbance capacity than carnosine and that only anserine, but not carnosine, activates the intracellular defense system Hsp70. Our in vitro and in vivo findings point to a significant, and yet underexplored, renoprotective action of anserine in diabetes mellitus. The lower degradation rate of anserine compared to carnosine in human plasma underlines its potential role as a therapeutic target in humans.

4. Materials and Methods {#sec4-ijms-19-02751}
========================

4.1. Total Antioxidant Capacity {#sec4dot1-ijms-19-02751}
-------------------------------

The standardized oxygen radical absorbance capacity (ORAC) assay was used to determine total antioxidant capacity. The thermal decomposition of 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH) generates peroxyl radicals which quench the fluorescence signal of fluorescein. The addition of an antioxidant compound to the reaction stabilizes the fluorescence signal according to its antioxidant capacity.

4.2. Dipeptide Concentrations and CN1 Activity {#sec4dot2-ijms-19-02751}
----------------------------------------------

Anserine and carnosine concentrations were measured fluorometrically by high-performance liquid chromatography, as previously described \[[@B46-ijms-19-02751]\]. Briefly, deproteinized samples were derivatized with carbazole-9-carbonyl chloride (CFC), injected into the liquid chromatography and detected by fluorescence detection. The detection limit was 15 nM. All samples were measured twice and spiked with the standards to identify each analyte. CN1 activity was assayed according to a method described by Teufel et al. \[[@B4-ijms-19-02751]\]. The reaction was initiated by the addition of carnosine or anserine to cell culture or tissue homogenate, and stopped by adding 1% trichloracetic acid. Liberated histidine was derivatized by adding o-Pthaldialdehyde (OPA) and fluorescence was read using a MicroTek plate reader (λExc: 360 nm; λEm: 460 nm).

4.3. Cell Culture {#sec4dot3-ijms-19-02751}
-----------------

Immortalized human tubular cells (HK-2; American Type Culture Collection CRL-2190) were grown in RPMI 1640 medium with 10% fetal calf serum (*v*/*v*) and 1% penicillin and streptomycin (*v*/*v*) at 37 °C with 5% CO~2~.

4.4. Western Immunoblotting {#sec4dot4-ijms-19-02751}
---------------------------

The cells were homogenized in 0.1 M NaCl, 0.01 M Tris Cl (pH 7.6), 0.001 M EDTA (pH 8.0), 0.001 M PMSF, 1X Protease Inhibitor cocktail (Sigma, St. Louis, USA).) and the protein concentration was determined using the BCA method (Pierce Chemical, Dallas, TX, USA). Proteins extracted for each sample (50 µg protein per lane), were boiled for three minutes in sample buffer (2.5% SDS, 40 mM Tris-HCl, 5% 2-mercaptoethanol, 0.025 mg/mL of bromophenol blue, 5% glycerol) and then separated by SDS-PAGE in gels 4--20% (Bio-Rad Laboratories, Hercules, CA, USA) for 60 min at 100 V. Separated proteins were electrophoretically transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, USA) in a transfer buffer containing 192 mM glycine, 25 mM Tris, 0.05% SDS and 20% *v*/*v* methanol, for 1 h at 100 V. The transfer of the proteins to the nitrocellulose membrane was confirmed by staining with Ponceau, which was then removed by three washes in PBS (5 min each). Membranes were incubated for 1 h at room temperature (RT) in PBS and 0.1% Tween 20 (T-PBS) containing 2% milk powder. The membrane was probed with anti-Hsp70, anti-HO-1, anti-Trx and anti Sirt-1 polyclonal antibodies (Santa Cruz Biotech. Inc., CA, USA) overnight (4 °C in T-PBS) and incubated with a goat polyclonal antibody anti-beta-actin (SC-1615, Santa Cruz Biotech. Inc., CA, USA) for quantification. Excess unbound antibodies were removed. After incubation with the primary antibody, the membranes were washed (three times, 5 min each), incubated (for 1 h, RT) with the secondary polyclonal antibody coupled to a horseradish peroxidase enzyme. An appropriate luminescent substrate (SuperSignal detection system kit, Pierce Chemical, Dallas, TX, USA) was used, quantified (, Bioscience, London, UK), and analyzed with Molecular Imaging software. Each experiment was performed in triplicate and analyzed by one-way ANOVA, followed by the inspection of all differences by Duncan's new multiple-range test and expressed as means ± S.E.M. Differences were considered significant at *p* \< 0.05.

4.5. Western Blot of Carbonylated Proteins {#sec4dot5-ijms-19-02751}
------------------------------------------

Carbonylated proteins were analyzed using the OxyBlot kit according to the manufacturer's instructions: OxyBlotTM Protein Oxidation (Merck Millipore, Darmstadt, Germany). Briefly, samples (15 µg protein) were denatured by adding 5 μL of 12% SDS to a final concentration of 6% SDS. The samples were derivatized by adding 10 μL of 1X DNPH (2,4-dinitrophenolhydrazine) solution and incubated (at RT for 15 min). Samples were neutralized (7.5 μL of neutralization solution) and the derivatized proteins were separated by SDS/PAGE (see above). The primary antibody used was against DNPH and detected by luminescence (SuperSignal detection system kit: Pierce Chemical, Dallas, TX, USA). The bands were quantified (Gel-Logic 2200-PRO Bioscience, London, UK), and analyzed (Molecular Imaging software).

4.6. Expression of Heat Shock Protein 70 {#sec4dot6-ijms-19-02751}
----------------------------------------

qPCR was performed using DyNAmo ColorFlash SYBR Green qPCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) and a LightCycler^®^ 480 Instrument II (Roche Diagnostics, Indianapolis, IN, USA). Signals of amplified products were verified using melting curve analysis and mRNA levels were normalized to β-actin. Relative expression levels were calculated using the Ct method described elsewhere \[[@B45-ijms-19-02751]\]. Primer sequences used for analyzing mRNA content were: Hsp70 (PrimerBankID: 387211a2), forward 5′- GAGATCGACTCTCTGTTCGAGG-3′ and reverse 5′- GCCCGTTGAAGAAGTCCTG -3′ β-Actin (PrimerBank ID: 6671509a1), forward 5′- GGCTGTATTCCCCTCCATCG -3′ and reverse 5′- CCAGTTGGTAACAATGCCATGT -3'.

4.7. Db/db Mice {#sec4dot7-ijms-19-02751}
---------------

Male C57BL/KsJm/Leptdb (db/db) mice (Stock 000662) and their normoglycemic heterozygous littermates were obtained from Charles River (Sulzfeld, Germany, Stock 000662). The animals were housed in a 12-h light/dark cycle at 22 °C and provided ad libitum with standard laboratory food and water. The experimental procedure was approved by the North Stockholm Ethical Committee for Care and Use of Laboratory Animals. Glucose levels were determined at the end of the experiment in blood collected from the tail tip (by OneTouch Ultra Blood Glucose meter; LifeScan, Milpitas, CA, USA). Material from 5 animals was used for each measurement.

4.8. Anserine Treatment {#sec4dot8-ijms-19-02751}
-----------------------

Treatment with anserine started at 12 weeks. The animals were divided into 4 groups, each consisting of 5 animals: (1) control mice with no treatment, (2) control mice who received 3 anserine dose intravenous injections of 100 mg/kg every other day, (3) db/db mice with no treatment and (4) db/db mice that received (Sigma, Stockholm, Sweden) 3 anserine intravenous injections of 100 mg/kg every other day (i.e., every 48 h). At week 14, the mice were sacrificed.

4.9. Animal Rights {#sec4dot9-ijms-19-02751}
------------------

The experimental procedure was approved by the North Stockholm Ethical Committee for Care and Use of Laboratory Animals (N78/10, date of approval: 18.03.2010).

4.10. Proteinuria {#sec4dot10-ijms-19-02751}
-----------------

The animals were euthanized by carbon dioxide after the treatment period. Proteinuria was measured in spot urine collected at the end of the treatment period. Urinary albumin was determined by indirect competitive ELISA assay (Exocell, Lallaing, France). Creatinine was quantitated by a chemical analysis based on Jaffe´s reaction of alkaline picrate with creatinine (Exocell, Lallaing, France).

4.11. Tissue and Blood Sampling {#sec4dot11-ijms-19-02751}
-------------------------------

The animals were euthanized by carbon dioxide. The kidneys were removed, immediately homogenized in an ice-cold buffer containing 20 mM HEPES, 210 mM mannitol and 70 mM sucrose per gram tissue, pH 7.2. The homogenate was centrifuged at 1500× *g* for 5 min at 4 °C, and the supernatant was kept at −80 °C until analysis.

4.12. Vascular Permeability Assay {#sec4dot12-ijms-19-02751}
---------------------------------

Vascular permeability was assessed by measurement of Evans blue leakage from the kidney vessels into the neighboring tissue. A 1% solution of Evans blue dye (2 µL/mg BW, Sigma Chemical, St. Louis, MI, USA) was injected into the tail vein of db/db mice, treated or not with anserine. After 10 min the mice were euthanized by CO~2~ inhalation, blood samples were collected and the kidneys were removed, blotted dry, and weighed. The Evans blue dye was extracted from the kidney with 1 mL of formamide overnight at 65 °C and measured spectrophotometrically at 620 nm \[[@B47-ijms-19-02751],[@B48-ijms-19-02751]\].

4.13. Statistical Analysis {#sec4dot13-ijms-19-02751}
--------------------------

Data were obtained from at least 3 independent experiments and quantitative data are given as mean and standard deviation (SD). Student t-test was calculated to compare groups. A *p*-value of \<0.05 was considered significant. Significance in experiments comparing more than two groups was evaluated by one-way analysis of variance, followed by post hoc analysis using Tukey's test.
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![Effect of co-incubation with high glucose and anserine in human tubular cells (HK-2) on cellular heat shock protein 70 (Hsp70), hemeoxygenase (HO-1), Sirtuin-1 (Sirt-1) and Thioredoxin (Trx). Hsp70 (**A**), HO-1 (**B**), Sirt-1 (**C**) and Trx (**D**) cellular protein concentrations significantly increased in HK-2 cells with glucose stress (25 mM for 24 h), determined by Western blotting, compared to cells incubated with medium containing normal glucose concentration (11 mM). Densitometric units (D.U.) after normalization against β-actin are given (*n* = 3). Co-incubation with anserine (0.1 and 1 mM) further increased Hsp70 and HO-1 protein but had no additional effect on Sirt-1 and Trx. Anserine alone does not alter tubular cell defense systems. *p* \< 0.05 (\*); *p* \< 0.01 (\*\*); n.s. = not significantly.](ijms-19-02751-g001){#ijms-19-02751-f001}

![Effect of co-incubation with glucose and anserine in human tubular cells (HK-2) on total protein carbonylation. Glucose stress (25 mM) increased total protein carbonylation in HK-2 cells, compared to cells incubated under normal glucose concentration (11 mM; *n* = 3). Co-incubation with anserine (0.1 and 1 mM) reduced protein carbonylation. In unstressed cells, anserine had no effect on overall protein carbonylation. Protein carbonylation was visualized by derivatization with 2,4-dinitrophenolhydrazine (DNPH) and quantified immunochemically.](ijms-19-02751-g002){#ijms-19-02751-f002}

![Effect of anserine and carnosine in human tubular cells exposed to oxidative and glycative stress. Human tubular cells (HK-2) were stressed by H~2~O~2~ (60 µM) and glucose (25 mM) and co-incubated with 1 mM anserine (red bars) and carnosine (blue bars), respectively, compared to control (grey bars). Cellular heat shock protein 70 (Hsp70) mRNA was measured by RT-PCR and normalized to expression of β-actin. Hsp70 expression significantly increased with co-incubation of anserine but not with carnosine. Since a nitrated form of anserine was applied, an independent effect of nitrate (green bars) on Hsp70 was ruled out. *p* \< 0.01 (\*\*); *p* \< 0.001 (\*\*\*).](ijms-19-02751-g003){#ijms-19-02751-f003}

![Antioxidant capacity of carnosine and anserine. (**A**) Antioxidant capacity of anserine and carnosine were assessed by a standardized oxygen radical absorbance capacity (ORAC) assay. Antioxidant capacity, given as relative fluorescence units (RFU), of anserine (red line) is significantly higher as compared to carnosine (black line). (**B**) Molecular structure of carnosine and its methylated derivate anserine.](ijms-19-02751-g004){#ijms-19-02751-f004}

![Effects of anserine on blood glucose, proteinuria and renal vascular permeability in diabetic mice (db/db). Twelve-week-old db/db were treated with three intravenous anserine injections every other day and scarified at week 14. Anserine treatment lowered blood glucose (**A**), proteinuria (**B**) and vascular permeability (**C**). *p* \< 0.05 (\*); *p* \< 0.001 (\*\*\*).](ijms-19-02751-g005){#ijms-19-02751-f005}
